All forms of non-commercial reuse of this version are permitted, including non-commercial text and data mining. This includes use for the purpose of research, teaching or other related activity, but not use for the purposes of monetary reward by means of sale, resale, loan, transfer, hire or other form of exploitation (see https://www.microbiologyresearch.org/about/open-access-policy#2). To understand the effects triggered by Mn 2+ on Deinococcus radiodurans, the proteome patterns 5 associated to different growth phases were investigated. In particular, we tested under 6 physiological conditions the growth rate and the biomass yield of D. radiodurans cultured in 7 rich medium supplemented or not with MnCl2. The addition to the medium of 2.5-5.0 μM MnCl2 8 did neither alter the growth rate nor the lag phase, but significantly increased biomass yield. 9
INTRODUCTION

25
Deinococcus radiodurans is a Gram-positive bacterium, belonging to the Deinococcales order, 27 whose members feature outstanding resistance to DNA-damaging agents [1] . Indeed, after its 28 isolation from canned meat samples exposed to γ rays [2], D. radiodurans was the subject of 29 quite a number of studies dealing with the competence of this bacterium in withstanding 30 exposure to ionizing radiations. Early work was devoted to the investigation of the biochemical 31 mechanisms exerted by D. radiodurans to repair damaged DNA [3] [4] [5] [6] [7] [8] [9] [10] . Rather surprisingly, cells 32 of D. radiodurans exposed to 14 kGy, and containing fragmented chromosomes, are able to 33 reassemble their genomes within 6-7 h after radiation exposure [1] . Contrary to the vast 34 majority of prokaryotes, D. radiodurans cells are polyploid, with the actual ploidy number being 35 affected by growth phase [11] and culture medium [12] . Each genome copy consists of two 36 chromosomes (containing 2.6 and 0.4 Mbp) and two plasmids, featuring 177 10 3 and 45.7 10 3 37 bp, respectively [13] . When this complex genome undergoes fragmentation, the essential 5'-3' 38 exonuclease RecJ [14] produces 3' overhangs at the chromosomal/plasmid fragments, inducing 39 the RecFOR-mediated loading of RecA onto DNA. The concerted action of RecA and DNA 40
Polymerase DnaE recombine and extend the overlapping homologous fragments [15] , 41 according to a mechanism denoted ESDSA (Extensive Synthesis-Dependent Strand Annealing). 42
While polyploidy is an obvious requisite for genome reconstruction competence, D. 43 radiodurans does also feature additional and peculiar biochemical properties, responsible for 44 genome integrity maintenance. Considering that ionizing radiations induce severe oxidative 45 stress, it was realized that the radiation-resistance of D. radiodurans is mainly due to 46 biochemical factors preserving the proteome of this bacterium from oxidation damages [1] . 47
Among these biochemical factors, manganese is considered a relevant component, mainly 48 because of the following observations: i) the cellular concentration of manganese in D. 49
Strain and growth medium 97
Deinococcus radiodurans DSM 46620 was obtained from the Deutsche Sammlung von 98
Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany), and grown in TGY 99 medium (Tryptone, Glucose, and Yeast extract at 5, 1, and 3 g/L, respectively) at 30 °C under 100 constant shaking (200 rpm). 101
Determination of growth in liquid media 102
The growth of D. radiodurans DSM 46620 in TGY liquid medium, supplemented or not with 103
MnCl2, was evaluated spectroscopically, and by cell and colony counting. Aliquots withdrawn 104 from liquid cultures as a function of time were used to determine their Absorbance at 600 nm. 105
In addition, the same aliquots were used for cell and colony counting, by means of a Thoma 106 chamber (depth 5 μm, Poly-Optik GmbH, Blankenburg, Germany) and TGY solid medium, 107 respectively. 108
Microscopy 109
From Petri dishes, 2 isolated colonies were used to obtain 2 independent pre-cultures in TGY 110 medium at 30 °C. Each pre-culture was used after 24 h to inoculate 2 flasks containing 25 mL 111 of TGY each. Morphology of cells from cultures incubated in TGY medium containing 0, 5, 25 or 112 250 μM MnCl2 was evaluated 0, 12, 15 and 25 hours after dilution. Intracellular levels of Mn 2+ 113
were revealed using a turn-on BODIPY-based fluorescent probe, the selectivity of which was 114 previously described [29] . From cultures incubated in TGY medium containing 0, 5, 25, or 250 115 M MnCl2, a 1mL aliquot was taken and washed 3 times with TBS to remove the excess of MnCl2 116 of the medium. The BODIPY-based Mn 2+ sensor (70 M) was added to each sample and 117 incubated at 30 °C for 15 minutes. Samples were washed 3 times with PBS and imaged with a 118 Nikon Eclipse T1 microscope (Nikon Plan Fluor × 100/1.30 Oil Ph3 DLL objective) coupled to 119 an EMCCD camera. Images were analyzed using ImageJ software [30] . 120
Sample preparation for 2D-PAGE 121
In order to remove lipids and carotenoids from the more external layers, frozen cells from 25 122 mL of cultures were incubated with absolute ethanol for 15 minutes on ice. Cells suspensions 123
were then centrifuged at 16,000 g for 10 minutes and pellets were resuspended in 0.5 mL of 124 lysis buffer (7 M Urea, 2 M Thiourea, 4% w/v CHAPS, 50 mM DTT, 1 mM Sodium EDTA, 20 mM 125
Tris base, IPG buffer 3-10, pH 6.8), containing Protease Inhibitors Cocktail (GE Healthcare, 126
Piscataway, USA). Cells were sonicated for 2.5 minutes (cycles of 15 seconds with 1 minute 127 intervals) on ice using a Branson Digital Sonifier (Thermo Fisher Scientific, Waltham, USA) at 128 20 % of amplitude, and then centrifuged for 20 minutes at 16,000 g to pellet insoluble 129 components. Supernatants were collected, and protein concentration was determined using 130 the Bradford Quick Start TM reagent (BioRad, Hercules, USA). Then, about 500 μg of total 131
proteins from each sample were purified by ReadyPrep 2D Clean Up kit (BioRad), according to 132 manufacturer's instructions, and precipitated proteins were resuspended in lysis buffer. The 133 protein concentration of purified samples was determined as above, and aliquots were stored 134 at -80°C. 135
2D Electrophoresis 136
For each sample, a 190 μg of total protein was diluted to 250 μl with rehydration solution, 137 containing 7 M Urea, 2 M Thiourea, 4 % CHAPS, 0.5 % IPG buffer 4-7 (GE Healthcare), 1.2 % 138 DeStreak TM reagent (GE Healthcare) and Bromophenol Blue in trace amount. Immobiline Dry 139
Strips gels (pH 4-7, 11 cm, GE Healthcare) were passively rehydrated overnight in strip holders 140 and electrofocused in Ettan IPGphor 3 (GE Healthcare). Focusing (20000 V hrs) was carried 141 out at 50 μA/strip and 15 °C, 500 V (5 h), 1000 V (2 h), gradient to 8000 V, 8000 V to end. hours, and then incubated at 37 °C overnight. After spinning, supernatants were harvested and 160 gel pieces were covered by extraction solution (5 % formic acid in ACN). After 15 minutes of 161 incubation at 37 °C, supernatants from this step where pooled to the corresponding 162 supernatants of the previous step and dried in SpeedVac (Savant TM ). 163
Mass spectrometry 164
Separation of peptides were performed as previously described [32] . The resulting peptides 165 were analyzed by LC-MS/MS using an Orbitrap XL instrument (Thermo Fisher Scientific) 166 equipped with a nano-ESI source coupled with a nano-Acquity capillary UPLC (Waters, Milford, 167 USA). Briefly, peptides were separated with a capillary BEH C18 column (0.075 x 100 mm, 1.7 168 μM, Waters) using aqueous 0.1 % formic acid (A) and CH3CN containing 0.1 % formic acid (B) 169 as mobile phases. Peptides were eluted by means of a linear gradient from 5 to 50 % of B in 90 170 minutes, at a 300 nL/minute flow rate. Mass spectra were acquired over an m/z range from 400 171 to 1800. To achieve protein identification, MS and MS/MS data underwent Mascot Search 172
Engine software analysis to interrogate the National Center for Biotechnology Information non 173 redundant (NCBInr) protein database. Parameters sets were: trypsin cleavage; 174 carbamidomethylation of cysteines as a fixed modification, and methionine oxidation as a 175 variable modification; a maximum of two missed cleavages; false discovery rate, calculated by 176 searching the decoy database, was set at 0.05. 177
Atomic absorption spectroscopy 178
The concentration of Mn 2+ in liquid samples was determined using a Varian Spectra AA 100 179 
RESULTS AND DISCUSSION
192
Growth of Deinococcus radiodurans in TGY medium enriched with Mn 2+ 193
As a first test, we assayed the growth of Deinococcus radiodurans at 30 °C in TGY medium to 194 which 0, 2.5, 5, 10, 25, or 250 μM Mn 2+ was added. Accordingly, we spectroscopically 195 determined the growth kinetics of the corresponding bacterial populations, of which the 196 majority did reach the stationary phase within 35 h (Fig. 1a) . The addition of Mn 2+ to the 197 medium positively affected the biomass yield, and at concentrations ≥ 10 μM increased the time 198 length of the lag phase. In particular, when compared to the control, all the cultures grown in 199 manganese-enriched TGY medium featured a higher population density at the end of the time 200 interval considered (Fig. 1a) . When the lag phase is analyzed, 10, 25 and 250 μM Mn 2+ did 201 significantly delay the onset of growth, by about 10, 15, and 20 h, respectively (Fig. 1a) . In 202 contrast, the addition of 2.5 or 5 μM manganese to TGY medium did neither alter the lag phase 203 nor the growth rate, but increased the biomass yield about 1.5 fold when compared to the 204 control culture (Fig. 1a) . We further tested this effect by comparing control and manganese-205 supplemented cultures. To this aim, 3 single colonies of D. radiodurans were used to inoculate 206 3 independent pre-cultures, whose growth was performed in TGY medium at 30 °C for 48 h. 207 Each pre-culture was then diluted in TGY and in the same medium to which 5 μM Mn 2+ was 208 added, and the 6 cultures accordingly obtained were incubated for 15 h at 30 °C, under constant 209
shaking. Based on the determined growth kinetics of each culture, we observed significant 210 higher biomass yields in the manganese-supplemented cultures ( Supplementary Fig. S1 ). To 211 better define the stimulation of D. radiodurans growth exerted by Mn 2+ , the biomass yield by 212 cell and colony counting, after 19 h of growth at 30 °C, was estimated. When the number of 213 individuals per unit volume was determined using a Thoma chamber, we observed that the 214 addition of Mn 2+ doubled the population density (Fig. 1b) . A similar magnitude of the effect 215 induced by manganese was also observed by colony counting (Fig. 1b) . Not surprisingly, the 216 absolute values were in this case slightly lower than those relative to the number of total cells 217 per unit volume, for both the control and the manganese-supplemented cultures. It is important 218 to note that the addition of manganese to TGY medium, besides inducing a significant increase 219 in biomass yield (Fig. 1b) , did not dramatically affect the partition of the bacterial population 220 among single cells, diads, and tetrads (Fig. 2) . The only significant effect observed was indeed 221 a slight increase of the occurrence of diads and tetrads in the population grown in manganese-222 supplemented medium (Fig. 2) . 223
The formulation of a defined minimal medium (DMM) for Deinococcus radiodurans [33] was a 224 mandatory step to recognize manganese as essential for the growth of this microorganism [17] . 225
The effect on D. radiodurans growth eventually induced by the addition of manganese to rich 226 media was tested under different conditions. Generally, high concentrations (100-500 μM) of 227 concentrations of MnCl2 ranging from 2.5 to 250 μM did not significantly alter the growth rate 236 of D. radiodurans, albeit triggering higher biomass yields (Fig. 1a) . However, we observed a 237 consistent increase of the time length of the lag phase as the TGY medium was supplemented 238 with manganese at concentrations higher than 10 μM (Fig. 1a) . The divergence between our 239 and previous observations is quite likely due to the method we used to prepare the cultures: Considering the effect exerted by Mn 2+ on cell growth, we also evaluated whether Mn 2+ addition 270 to the medium affects the cell morphology. Among the comparisons considered, some 271 significant differences were observed (Table 1) that the growth of these cells slows down after 15 h of incubation (Fig. 1a) , suggesting a 278 phenotypic link between the elongation of cells axis and the onset of stationary phase. In 279 addition, we observed a significant shortening of cells diameter in those populations featuring 280 a prolonged lag phase (Table 1, Fig. 1a) . It is also important to note that no aberrant 281 morphologies were observed for any of the concentrations of Mn 2+ tested (Fig. 3a) . 282
We also determined in another experiment the cytosolic accumulation of Mn 2+ (Fig.s 3b and 3c) . However, the only 289 significant difference among those detected is the divergence between the total fluorescence of 290 cells grown in the absence of manganese and the fluorescence levels of cells grown in 291 manganese-enriched media (Fig. 3c) . This could be due to the following reasons: i) the probe 292 concentration is limiting; ii) most of the Mn 2+ is bound to proteins and DNA, and therefore is 293 not accessible to the probe. In addition, we observed that at high Mn 2+ enrichment (250 M) of 294 the growth medium, the cytosolic probe bleached faster than the membrane bound. 295
Mn 2+ and the proteome of Deinococcus radiodurans 296
Taking into account the growth-promoting effect induced in D. radiodurans by manganese (Fig.  297   1) , and the concomitant accumulation in vivo of this divalent cation (Fig. 3) , we investigated in 298 detail the proteome of cells grown in TGY or in the same medium enriched with 5 μM Mn 2+ . 299
Considering the kinetics of growth in both media (Fig. 1a) , we decided to harvest cells from 300 cultures grown for 15 and 19 h. By this means, we compared the proteome of control and 301 manganese-enriched cells when their growth phase was comparable (15 h, Fig. 1a) and when 302 the difference in population density between the 2 cultures was well established (19 h, Fig. 1a) . 303
From each sample total proteins were extracted to perform 2D electrophoresis, and the spot 304 patterns of the 4 gels were compared. A total of 68 spots that were absent or overexpressed 305 (spots whose intensity was at least 2-fold higher or lower than the matched spot on the other 306 gel) in the control or in the Mn 2+ -treated culture were selected for MS analysis. The complete 307 list of the proteins associated to these spots is reported in Supplementary Table ST1 , where it 308 is shown that some proteins could not be identified, and others were identified as sample 309 contaminants (e.g. keratin in spot 19, Supplementary Table ST1 ). In addition, some spots were 310 found to contain D. radiodurans proteins whose function is hypothetical. Excluding from further 311 analysis the proteins not identified, and those representing contaminants or featuring 312 hypothetical functions, a total of 52 spots was left for the comparison of the 4 proteomes 313 considered. 314
Interestingly, among these spots we observed 5 whose electrophoretic mobility was 315 significantly affected by the enrichment with manganese of the growth medium (Table 2 (Table 2) . It is important to note that the most consistent 318 pI shift (1.4) is associated to an iron ABC transporter, the molecular mass of which was found 319 almost invariant ( Table 2 ). The regulation of ABC transporters by phosphorylation is well 320 documented [34] , and the importance of kinases as well as the presence of phosphorylation 321 sites has been reported [35] [36] [37] . Accordingly, we propose that in cells grown in Mn 2+ -enriched 322 medium the extent of phosphorylation of the iron ABC transporter is significantly reduced 323 when compared to that at the expense of the protein from control cells, leading to a higher pI. 324
This would, in turn, lead to a decreased activity of the iron transporter in manganese-enriched 325 cells. It was previously shown that the radio-resistance of D. radiodurans is correlated to high 326 manganese/iron ratio, in vivo [17] . Accordingly, the behaviour reported here for the iron ABC 327 transporter suggests a mechanism for the beneficial effect exerted by Mn 2+ under physiological 328 growth conditions. In addition, the observations listed in Table 2 suggest to attempt, with 329 future work, the identification of post-translational modification systems affected by 330 manganese. 331
When the proteomes of control and manganese-enriched cells were compared after 15 h of 332 growth, we detected 7 and 9 proteins preferentially expressed in control (Supplementary Table  333 ST2, Fig. 4 ) and in manganese-enriched (Supplementary Table ST3 , Fig. 4) noted that: i) for ribosomal protein L1 a shift in pI was detected (Table 2) ; ii) for the same L1 366 protein we also detected an additional spot in control cells (Supplementary Table ST2 ), but this 367 spot does contain a truncated form of the L1 protein (25 kDa vs. the 30 kDa of full-length 368 protein); iii) the L5 ribosomal protein is apparently expressed only by control cells 369 (Supplementary Tables ST2 and ST4) ; it should however be remarked that the observed pI of 370 this protein was extremely lower (4.25) than the theoretical value (9.88); therefore, it is quite 371 likely that the L5 protein associated to these spots (2 and 13) represents a post-translationally 372 modified sub-population of the total amount of this ribosomal protein; iv) a particular situation 373 was observed for the 30S ribosomal S2 protein (Supplementary Table ST5 ): in this case, the 374 molecular mass of the protein detected in manganese-enriched cells was determined as higher 375 (37 kDa) than the expected value (30 kDa), therefore representing a pool of S2 protein 376 exclusively modified in manganese-enriched cells. 377
It should be noted that 15 h old cells represent individuals entering the stationary phase or 378 engaged in the logarithmic phase in the absence or in the presence of additional Mn 2+ , 379 respectively (Fig. 1a) . Therefore, the proteins reported in Supplementary Table ST3 should which correspond to full stationary and late-logarithmic phase for control and manganese-389 enriched cells, respectively (Fig. 1a) . Among the proteins selectively detected in manganese-390 enriched cells, it is interesting to outline the presence of enzymes diagnostic of active 391 metabolism and growth (S-protease, protease I, translation IF-2, N-acetyl-muramoyl-L-Ala 392 amidase, Supplementary Table ST5 ). In addition, it should however be noted that among these 393 proteins we detected enzymes involved in stress-responses (catalase, DNA-binding stress 394 response) and in the regulation of ATP availability (adenylate kinase), diagnostic of the 395 incoming stationary phase (Fig. 1a) . 396
CONCLUDING REMARKS
397
We have shown here that under physiological conditions the addition of Mn 2+ to the TGY rich 398 medium stimulates the growth of D. radiodurans, and significantly alters the proteome of this 399 bacterium. In particular, we observed that Mn 2+ can affect both the expression level and the 400 post-translational modification of proteins. Accordingly, future work will be devoted to identify 401 these post-translational modifications and to characterize the phenotype of D. radiodurans 402 strains bearing mutations at the expense of some of the proteins identified here. 403
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